Malaria control is hindered by the evolution and spread of resistance to antimalarials, necessitating multiple changes to drug policies over time. A comprehensive antimalarial drug resistance surveillance program is vital for detecting the potential emergence of resistance to antimalarials, including current artemisinin-based combination therapies. An antimalarial drug resistance surveillance study involving 203 Plasmodium falciparum malaria-positive children was conducted in western Kenya between 2010 and 2013. Specimens from enrolled children were analyzed in vitro for sensitivity to chloroquine (CQ), amodiaquine (AQ), mefloquine (MQ), lumefantrine, and artemisinin derivatives (artesunate and dihydroartemisinin) and for drug resistance allele polymorphisms in P. falciparum crt (Pfcrt), Pfmdr-1, and the K13 propeller domain (K13). We observed a significant increase in the proportion of samples with the Pfcrt wild-type (CVMNK) genotype, from 61.2% in 2010 to 93.0% in 2013 (P < 0.0001), and higher proportions of parasites with elevated sensitivity to CQ in vitro. The majority of isolates harbored the wild-type N allele in Pfmdr-1 codon 86 (93.5%), with only 7 (3.50%) samples with the N86Y mutant allele (the mutant nucleotide is underlined). Likewise, most isolates harbored the wild-type Pfmdr-1 D1246 allele (79.8%), with only 12 (6.38%) specimens with the D1246Y mutant allele and 26 (13.8%) with mixed alleles. All the samples had a single copy of the Pfmdr-1 gene (mean of 0.907 ؎ 0.141 copies). None of the sequenced parasites had mutations in K13. Our results suggest that artemisinin is likely to remain highly efficacious and that CQ sensitivity appears to be on the rise in western Kenya.
A
ntimalarial drug resistance has hampered progress in malaria control and has led to several changes in drug policies over time. To minimize the potential emergence of drug resistance, the World Health Organization (WHO) recommends the use of artemisinin-based combination therapy (ACT), which consists of an artemisinin derivative coformulated with another class of antimalarial (1) . In Kenya, the use of chloroquine (CQ) as the first line of malaria treatment was discontinued in the late 1990s due to a high percentage of treatment failures. CQ was replaced by sulfadoxinepyrimethamine (SP) as the first line of treatment, with amodiaquine (AQ) as a second choice. However, the use of SP was shortlived, as the majority of circulating parasites rapidly developed resistance to SP (reviewed in reference 2). Therefore, in April 2004, the ACT artemether-lumefantrine (AL; Coartem) was recommended as the first-line therapy for the treatment of uncomplicated Plasmodium falciparum malaria in Kenya, although this was not fully implemented until late 2006, when the country was finally able to undertake delivery of large quantities of the drug. Thus, between 2004 and 2006, AQ was briefly used as the first-line treatment for malaria in Kenya. Dihydroartemisinin-piperaquine (DHAP) is the current second-line antimalarial drug treatment, while artesunate-amodiaquine (ASAQ) is registered for use in the private sector along with AL.
Genetic markers of resistance to many antimalarial drugs have been elucidated (reviewed in reference 3). These constitute a complex pattern of single nucleotide polymorphisms (SNPs) in the pertinent genes. For example, SNPs at codons 86, 184, 1034, 1042, and 1246 in the P. falciparum multidrug resistance 1 gene (Pfmdr-1) have been shown to modulate sensitivities to different antimalarial drugs, including CQ and mefloquine (MQ) (4, 5) . Preliminary findings from studies involving AQ monotherapy suggest that this drug selects for the Pfmdr1 N86Y SNP (the mutant nucleotide is underlined) (6) (7) (8) (9) (10) . Experimental studies have shown that an increase in the copy number of the Pfmdr-1 gene is associated with increased resistance to MQ (11) , lumefantrine (LU), and artemisinin (12) . Mutations in codons 72 to 76 (CVMNK) of the P. falciparum chloroquine resistance transporter gene (Pfcrt) have been associated with resistance to CQ and AQ (13; reviewed in reference 14) , with the K76T point mutation being the most predictive of CQ resistance. Resistance to SP is conferred by the accumulation of SNPs in two genes that encode enzymes involved in P. falciparum folate metabolism, dihydrofolate reductase and dihydropteroate synthase, which are targeted by pyrimethamine and sulfadoxine, respectively.
The current first-line treatments for uncomplicated malaria in nearly all countries where malaria is endemic are ACTs. However, recent studies in Southeast Asia have demonstrated delayed parasite clearance during therapeutic efficacy studies with ACTs and artemisinin monotherapy (15) (16) (17) (18) , implying that parasite isolates in this region are developing resistance to artemisinin. A genetic marker of artemisinin resistance was recently identified to consist of polymorphisms in the propeller domain of the P. falciparum kelch protein, found on chromosome 13 (K13) (19) . Several other studies have confirmed this observation, linking a number of mutations in the propeller domain to delayed parasite clearance in patients treated with artemisinin (20, 21) .
Interestingly, molecular epidemiological studies have revealed that the withdrawal of an antimalarial from a population due to high treatment failure rates can lead to the reemergence of drugsensitive parasites in that population over time. For example, 10 years after the discontinuation of CQ for malaria treatment in Malawi, several studies demonstrated the return of CQ-sensitive parasites and an increase in the prevalence of parasites harboring the wild-type (WT) Pfcrt K76 codon (22, 23) . Similar trends were later reported from studies conducted in other parts of Malawi (24, 25) , Tanzania (26, 27) , and Kenya (28) (29) (30) (31) , raising the possibility of the selected reintroduction of CQ for malaria treatment. In contrast, countries that delayed the withdrawal of CQ for malaria treatment demonstrated no significant decreases in the prevalence of CQ resistance parasites (reviewed in reference 32), implying that drug pressure plays a major role in the maintenance of drug-resistant parasites in a population.
The emerging concern of artemisinin resistance in Southeast Asia poses a major threat to the global effort toward the effective control and case management of malaria caused by P. falciparum. The possibility of the spread of this phenotype to other parts of the world makes it imperative that countries establish comprehensive surveillance programs to detect the potential emergence of resistance to artemisinin and its partner drugs. In addition, it is important to monitor the dynamics of previously utilized drugs such as CQ and SP, given the demonstrated possibility of reemergence of drug-sensitive parasites after the withdrawal of failing drugs. The WHO recommends that countries set up surveillance mechanisms to monitor the emergence of resistance to antimalarial drugs by using data from therapeutic efficacy studies complemented with molecular marker data (33) . Although therapeutic efficacy studies are the gold-standard method for confirmation of drug resistance, they are expensive and labor-intensive. On the other hand, in vitro drug sensitivity assays and molecular surveillance for genetic markers are relatively inexpensive and can provide data on the emergence and temporal dynamics of genetic markers of drug resistance, sometimes even before clinical resistance becomes established. These assays have been used to detect reduced drug sensitivity to several antimalarial drugs, including CQ, MQ, quinine, lumefantrine, AQ, and SP.
We report findings from an in vitro drug sensitivity surveillance study conducted in western Kenya between 2010 and 2013 in which parasite sensitivity to CQ, AQ, lumefantrine, artesunate (ARS), and dihydroartemisinin (DHA) was determined and samples were genotyped for drug resistance polymorphisms in Pfcrt, Pfmdr-1, and the K13 propeller domain.
MATERIALS AND METHODS
Study sites, patient recruitment, and sample collection. This study was conducted in Siaya and Bondo District Hospitals in western Kenya between 2010 and 2013. These hospitals are located in moderate-to highmalaria-transmission areas with widespread coverage of long-lasting insecticide-treated bed nets (LLINs). The two hospitals are ϳ60 km from the Kenya Medical Research Institute (KEMRI) in Kisian, where the laboratory studies were conducted. The Bondo District Hospital outpatient department attends to ϳ50 patients on a single day during peak malaria season. Siaya District Hospital is the only major hospital serving Siaya County, and the outpatient department examines Ͼ40 patients per day during peak malaria transmission seasons.
Children between the ages of 2 and 7 years with an axillary temperature of Ն37.5°C or a history of fever in the previous 24 h with no recent treatment (at least in the last 7 days) were eligible for enrollment in the study. All eligible children were referred to study personnel for further screening. The children were weighed, and the height and axillary temperature were measured by study personnel. A few drops of finger prick blood were collected and used for the microscopic determination of malaria infection, parasitemia, and hemoglobin levels. Hemoglobin levels were measured by using the HaemoCue photometer (HaemoCue AB, Angelholm, Sweden). Additional inclusion criteria included a slide confirmation of P. falciparum infection and a parasitemia level of Ն2,000 asexual parasites/l of blood. Written informed consent to participate in the study was obtained from the parents/guardians of children who participated in this study. Blood samples were collected into EDTA Microtainers for in vitro drug sensitivity assays and on Whatman grade 3 filter paper for genotyping assays. This study was approved by the institutional review boards of KEMRI, Nairobi, Kenya, and the Centers for Disease Control and Prevention (CDC), Atlanta, GA.
In vitro drug sensitivity assays. In vitro drug susceptibility testing was performed for CQ, AQ, MQ, lumefantrine, ARS, and DHA (obtained from the World Wide Antimalarial Resistance Network [WWARN]), using the SYBR green I fluorometric method as described previously (34) . Briefly, blood samples were diluted appropriately to 1% parasitemia and 2% hematocrit using culture medium (RPMI 1640 supplemented with 25 mM HEPES buffer). The samples were added to 96-well microtiter plates with different concentrations of test drugs and cultured at 37°C under standard culture conditions. After 72 h of incubation, SYBR green dye was added to culture plates, and the plates were incubated for 1 h. Plates were analyzed on a fluorescence reader (M200; Tecan, Mänedorf, Switzerland) to determine growth inhibition (34) . The amount of SYBR green dye incorporated decreases as parasite growth declines. A sigmoid, 4-parameter concentration inhibition model was applied to generate 50% inhibitory concentration (IC 50 ) estimations using the In Vitro Analysis and Reporting Tool (IVART) developed by the WWARN (35) . The geometric mean IC 50 was calculated for each drug. The CQ IC 50 , MQ IC 50 , and DHA IC 50 for laboratory-cultured sensitive P. falciparum isolate 3D7 were tested in every experiment as a control.
Genotyping for resistance markers. Genomic DNA was isolated by using the QIAamp blood minikit (Qiagen Inc., CA, USA). The Pfcrt gene was amplified and sequenced for drug resistance markers associated with CQ (codons 72 to 76) and AQ (codon 76) resistance. Similarly, the Pfmdr-1 gene was genotyped at codons 86, 184, 1042, and 1246. Direct Sanger sequencing was utilized for SNPs as previously described (36) . Sequencing of the nested purified PCR products was performed by using a BigDye Terminator v3.1 cycle sequencing kit on an iCycler thermal cycler (Bio-Rad, CA, USA). The reaction mixtures were precipitated in 70% ethanol to clean up dye terminators, rehydrated in 10 l HiDi formamide, and then sequenced on a 3130xl ABI genetic analyzer (ABI Prism, CA, USA). In addition, the K13 propeller domain associated with artemisinin resistance was sequenced as recently described (37) . Sequence analysis was performed by using Geneious R7 (Biomatters, Auckland, New Zealand).
Pfmdr-1 gene copy number determination. The Pfmdr-1 copy number was assessed by using a previously described protocol (11) . Only samples that were singly infected (monoclonal infections) were used for this determination. The P. falciparum ␤-tubulin gene was used as the reference gene for relative quantification of Pfmdr-1 gene copy numbers. For relative quantification, the 3D7 parasite strain was used as a single-copy control in addition to the W2 Mef (2 copies) and Dd2 (3 to 4 copies) strains, which were included in every run. All samples were tested in triplicate. The reactions were set up with a 12.5-l total reaction mixture volume containing 6.25 l of Platinum 2ϫ buffer (Life Technologies, New York, NY, USA), 300 nM each forward and reverse Pfmdr-1 primer, 100 nM each ␤-tubulin primer, 100 nM ␤-tubulin probe, and 150 M Pfmdr-1 probe. Two microliters of template DNA was used. The assay was performed by using the Agilent Mx3005 real-time PCR instrument (Agilent Technologies, CA, USA), using the following PCR parameters: 50 cycles of 95°C for 15 s and 58°C for 1 min. The copy number was determined by using the relative quantification module in MxPro3005 software (Agilent Technologies, CA, USA), using the comparative ⌬⌬C T method, and rounded to the nearest integer (11) .
Statistics. Data and statistical analyses were performed by using PASW Statistics for Windows version 18.0 (SPSS Inc., Chicago, IL, USA) and R version 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria). Differences in subject characteristics were analyzed by using analysis of variance (ANOVA) for continuous, normally distributed variables and a Pearson chi-square test for categorical variables. IC 50 s and parasite densities were log transformed, and annual IC 50 s are summarized as geometric means and standard deviations. Differences in IC 50 geometric means over time were tested with linear regression models controlling for age. Fisher's exact test was used to analyze changes in mutation prevalence over time. Finally, linear regressions were run on log-transformed IC 50 s to test for differences in haplotypes using singly infected samples. These results are reported as geometric mean ratios (GMRs).
RESULTS
Characteristics of study subjects. A total of 203 children were enrolled in the study during 4 years of continuous surveillance (Table 1 ). Due to low patient enrollments in the first 2 years of the study, the study was amended to include children below the age of 2 years. Only 8 samples were obtained from Bondo District Hospital due to staffing problems in that hospital. We observed significant differences over the 4 years of the study in the ages, heights, weights, auxiliary temperatures, and parasite densities of the enrolled patients. No differences in the proportions of males and females or in the hemoglobin levels were observed.
Pfcrt genotyping. The SNP analysis of the Pfcrt gene was successfully performed for codons 72 to 76 on all 203 samples. Mutations were observed in the M74I, N75E, and K76T codons, giving the CVIET mutant genotype. Parasite isolates were divided into three groups: those that harbored the CVIET mutant haplotype (9.80%), those that harbored the wild-type CVMNK haplotype (76.5%), and those that harbored a mixture of both mutant and wild-type genotypes (mixed) (13.7%). The prevalence of the observed mutant genotype was calculated by combining isolates with only mutant codons with isolates with mixed genotypes. We observed a significant increase in the prevalence of the wild-type CVMNK genotype, from 61.2% in 2010 to 71.4% in 2011, 81.3% in 2012, and 93.0% in 2013 (P ϭ 0.0001) (Fig. 1) .
Pfmdr-1 genotyping and gene copy number. Mutations in the Pfmdr-1 gene were observed only at codons 86 (n ϭ 200), 184 (n ϭ 193), and 1246 (n ϭ 194), and isolates were classified as having a mutant, wild-type, or mixed (harboring both mutant and wildtype codons) genotype for each locus. The majority of samples harbored the wild-type N86 allele (93.5%), with only 7 (3.50%) samples harboring the mutant Y allele (N86Y; 4 samples in 2010, 3 in 2011, 0 in 2012, and 0 in 2013). Likewise, the majority of samples harbored the wild-type D1246 allele (79.8%), with only 12 (6.38%) samples having the D1246Y mutant allele and 26 (13.8%) having mixed alleles. Codon 184 was evenly distributed among the mutant (37.3%), wild-type (37.3%), and mixed (25.4%) alleles. The prevalence of the observed alleles was calculated by combining isolates with pure mutant codons together with isolates with mixed genotypes. We observed a significant decrease in the prev- alence of the N86Y mutant allele (P ϭ 0.0001), but no significant differences were observed in the prevalence of mutations at codon 184 (P ϭ 0.5120) or 1246 (P ϭ 0.0680) (Fig. 2) . Out of the 203 samples, 41 had monoclonal infections, i.e., infected with only one detectable genotype, and were successfully amplified for Pfmdr-1 copy number determination. These 41 samples harbored a single copy of the Pfmdr-1 gene (mean of 0.907 Ϯ 0.141 copies).
K13 propeller domain genotyping. One hundred forty-seven samples (72%) were successfully sequenced for K13 mutations. Our sequencing results did not reveal any SNPs in the K13 propeller domain in the parasite isolates tested.
In vitro drug sensitivity assays. The yearly IC 50 s for CQ, AQ, MQ, ARS, and DHA are shown in Table 2 . The geometric mean CQ IC 50 , MQ IC 50 , and DHA IC 50 for laboratory-cultured P. falciparum isolate 3D7 were 18.22 nM, 41.22 nM, and 10.20 nM, respectively. Results from the LU in vitro sensitivity assays were disregarded for further analysis due to large inconsistencies in the majority of the experiments. We observed a significant decline in the yearly IC 50 s for CQ, from 31.77 nM in 2010 to 19.85 nM in 2013. We also observed differences in the IC 50 s for ARS and DHA, but no obvious trend was observed. No statistical differences were seen for MQ and AQ.
Association of observed polymorphisms and in vitro drug sensitivity. These analyses were performed by using samples that harbored either pure mutant or pure wild-type strains with no mixed infections. The CQ IC 50 s were shown to be significantly different depending on the isolates' Pfcrt genotype (Table 3 ). Parasites that harbored the mutant Pfcrt CVIET haplotype had significantly higher CQ IC 50 s than did those with the wild-type CVMNK haplotype (P Ͻ 0.0001). Similarly, the geometric mean CQ IC 50 was significantly higher for the parasites that harbored the Pfmdr-1 N86Y mutation than for those that harbored the wildtype N86 allele (P ϭ 0.0111). Five of these seven samples (71.4%) also harbored the CVIET genotype. A significantly higher MQ IC 50 was also observed for parasites that harbored the Pfmdr-1 Y184F mutation (P ϭ 0.0008) than for isolates that harbored the wild-type Y184 allele. No significant differences were observed for the other drugs (Table 3) .
DISCUSSION
In this report, an antimalarial surveillance study was conducted between 2010 and 2013 to monitor the in vitro drug sensitivity patterns and genetic polymorphisms associated with CQ, AQ, MQ, LU, and artemisinin derivatives (ARS and DHA) in western Kenya. Three main observations were made: (i) none of the parasites sequenced had any mutations in the K13 propeller domain known to be associated with artemisinin resistance, (ii) the proportion of parasites with increased in vitro sensitivity to CQ ap- 194) . The isolates were classified as having mutant, wild-type (WT), or mixed (harboring both mutant and wild-type alleles) genotypes for each locus. The prevalence of the observed alleles was calculated by combining isolates with pure mutant codons with isolates with mixed genotypes. The majority of the samples harbored the wild-type N86 and the wild-type D1246 alleles. Codon 184 was evenly distributed among the samples. We observed a significant decrease in the prevalence of the N86Y mutant allele (P ϭ 0.0001) over the study period. No significant differences were observed in the prevalence of mutations at codon 184 (P ϭ 0.5120) or 1246 (P ϭ 0.0680). pears to be increasing in this region of Kenya, and (iii) gene mutations associated with CQ resistance (Pfcrt CVIET and Pfmdr-1 N86Y) are on the decline. A total of at least 12 polymorphisms in the K13 propeller domain were recently implicated in artemisinin resistance in Southeast Asia (19) (20) (21) 37) . Similar to previous studies conducted in Africa (38-40), we did not observe any mutations in the propeller domain of the K13 gene that we sequenced. Some studies in Africa have observed a low frequency of other mutations, some of which are found in the propeller domain, in parasites from Africa (38) (39) (40) . To date, many of the therapeutic efficacy studies conducted in Africa have indicated that artemisinin-based combination therapies are still efficacious (21, 41, 42) . Therefore, the role of the novel African K13 mutations in artemisinin resistance, if any, is still to be elucidated. Other secondary loci, in addition to the K13 propeller mutations, are likely to play a role in resistance to artemisinin in Asia (reviewed in reference 43). Our results suggest that artemisinin is still efficacious in this region of Kenya, although therapeutic efficacy studies will be required to conclusively determine this.
We observed a decline in the prevalence of genetic polymorphisms associated with CQ resistance in both the Pfcrt (CVIET; from 39.0% in 2010 to 7.00% in 2013) and Pfmdr-1 (codon N86Y; from 18.0% in 2010 to 0.00% in 2013) genes. An increase in the in vitro drug sensitivity to CQ was also observed, as supported by the decline in the CQ IC 50 s over the study period. These data suggest that there may be a reversion to CQ sensitivity in parasites from this region of Kenya. The first report of a decline in the prevalence of CQ-resistant parasites in Africa was documented in Malawi, 10 years after CQ withdrawal (22, 24) . Similar trends were later reported in studies conducted in Malawi (24, 25) , in Tanzania (26) , and along the coast of Kenya (28) (29) (30) . In Kenya, this decline was first reported in Kilifi in 2006, 13 years after the discontinuation of CQ use (28) , in which the prevalence of the Pfcrt K76T mutation was shown to decrease from ϳ95% in 1993 to ϳ60% in 2006. Studies from western Kenya demonstrated that in 2008, the prevalence of parasites with the Pfcrt CVIET genotype was 72.4%, which was shown to decline to 32.1% by 2011 (44) . During our study period, we observed a reduction of the prevalence of this genotype to 7% by 2013, demonstrating that the prevalence of this genotype is on the decline. In 2007, the prevalence of parasites with the Pfmdr-1 N86Y mutation in western Kenya was shown to be ϳ69% (45) . However, a steady decline in the prevalence of this mutation was subsequently observed, from 42% in 2008 to 30% in 2009, 28% in 2010, and 15% in 2011 (44) . Our study showed a decline in prevalence from 18% in 2010 to 0% by 2013. This apparent decline in the prevalence of drug-resistant genotypes may be explained by the fact that the driving force for the selection of antimalarial resistance SNPs is drug usage, and therefore, the decrease in drug pressure (CQ) after a policy change to artemetherlumefantrine therapy in 2006 could have helped reduce the CQ drug pressure, resulting in the reversal of CQ resistance-associated genotypes to the more sensitive genotypes. It has been proposed that parasites with Pfcrt mutations incur a fitness cost in the absence of CQ (25; reviewed in reference 43), hence the return of CQ-sensitive parasites in many African countries that have discontinued the use of CQ. Another potential explanation for the return of parasites with the wild-type Pfcrt and Pfmdr-1 N86 alleles may be attributed to LU, the partner drug in AL (Coartem). Previous studies demonstrated that LU may select for CQ-sensitive alleles such as the Pfmdr-1 N86 and Pfcrt K76 alleles, and these alleles have been associated with AL treatment failure (46, 47) . Our study and recent studies in western Kenya show a significant increase in the prevalence of the WT allele at codon K76 of Pfcrt and an upward trend in the prevalence of WT alleles in Pfmdr-1 codons N86 and N1246 in parasites collected after the introduction of ACT in Kenya (31) . Therefore, the use of AL as the first line of malaria treatment in Kenya may be contributing to the selection of these wild-type alleles.
Characterization of the sensitivity profiles of other artemisinin partner drugs, such as LU, AQ, MQ, and SP, is important for any drug resistance surveillance study. We did not observe any changes in the MQ IC 50 s. This was not surprising given that MQ is not in use in Kenya. On the other hand, we observed a steady decline in the AQ IC 50 from 2010 to 2012, which slightly increased in 2013. Both the Pfcrt K76T and Pfmdr-1 N86Y mutations are also associated with AQ resistance (3, 44) . The observed decline in the prevalence of parasites with these mutations suggests that most of the circulating parasites in this region are AQ sensitive. The use of AQ monotherapy for treatment was widespread in western Kenya, both unofficially from 2000 and officially between 2004 and 2006, and interestingly, AQ usage in this region was documented in a community-based study in 2007 (45) . This could explain the still high levels of prevalence of parasites harboring the Pfcrt K76T mutant in circulation in 2007 (94%) (45) , as AQ usage could have continued the selection pressure for this polymorphism even after CQ discontinuation. By 2008, the use of ACT was fully implemented, leading to reductions in both CQ and AQ drug pressure, hence the decline in the polymorphisms associated with resistance to these drugs, as we observed in 2013. However, because ASAQ is currently registered for use in the private sector in Kenya, it is important to continue to monitor the response of circulating parasites to AQ in this region.
Increase Pfmdr-1 copy numbers (gene amplification) are more common in Southeast Asia and a rare occurrence in Kenya and have been associated with decreased sensitivity to drugs such as mefloquine, artesunate, and AL. We did not observe any increase in the Pfmdr-1 copy number during the time period of our study. However, a recent study from Kenya showed that a few samples, collected after ACT introduction, had increased Pfmdr-1 copy numbers and that this increase was associated with decreased in vitro susceptibility to AQ and piperaquine (48) , in contrast to a previous study which did not observe any association between Pfmdr-1 copy number increases and AQ resistance (49) . This can be explained by the fact that only a few samples in Kenya show multiple Pfmdr-1 genes.
It is expected that parasites with drug resistance mutations also demonstrate increased IC 50 s in in vitro drug sensitivity assays, used as surrogate assays for resistance. In our study, parasites that harbored the Pfcrt CVIET mutant haplotype had significantly increased CQ IC 50 s compared to those of the wild-type parasites. Although the majority of the samples over the study period harbored the wild-type genotype, the minority that possessed the CVIET mutations demonstrated elevated CQ IC 50 s. The CQ IC 50 was also found to be higher for the parasites that harbored the Pfmdr-1 N86Y mutant than for those with the wild-type N86 codon. Previous studies demonstrated strong associations between the combined Pfcrt CVIET and Pfmdr-1 N86Y mutations and increased CQ IC 50 (44) . Indeed, the highest mean CQ IC 50 was observed with the seven samples that harbored both the Pfcrt CVIET and Pfmdr-1 N86Y mutations. These results underscore the association of drug-resistant genotypic markers with in vitro drug sensitivity assays, which serve as good alternatives/surrogates for therapeutic efficacy studies, depending on the drug mechanism.
However, recent studies have indicated that traditional in vitro drug sensitivity assays, as utilized in our study, are inappropriate for the determination of artemisinin resistance. Those studies demonstrated that the IC 50 s of the artemisinin derivatives tested did not correlate with the in vivo parasite clearance rate (50) . Therefore, alternative in vitro assays have been proposed, such as the ring-stage survival assay for the in vitro determination of the artemisinin resistance phenotype (51). While we observed differences in the yearly IC 50 s of the two artemisinin derivatives tested (ARS and DHA), no clear pattern (increase or decrease) could be determined, making these results inconclusive.
In conclusion, the results from our study suggest that artemisinin is still efficacious and that CQ-sensitive parasite strains are increasing in proportion compared to CQ-resistant strains in this part of Kenya. Since lumefantrine, the partner drug in AL, has been shown to select for CQ-sensitive parasites, continued monitoring for drug resistance, including artemisinin and partner drugs, is important to inform malaria control programs.
